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Abstract
We describe the adiabatic evolution of a plasma equilibrium having a toroidal topology in the
presence of constant electric resistivity. After outlining the main analytical properties of the
solution, we reproduce a realistic scenario for the upcoming Italian experiment Divertor Tokamak
Test Facility, with a good degree of accuracy. Although the theoretical lifetime is of the order of
104 s, we observe a macroscopic change in plasma volume on a timescale comparable to the predicted
duration of the plasma discharge. In the final part of the work, we compare our self-consistent
solution to the more common Solov’ev configuration, and to a family of nonlinear configurations.
PACS numbers: 47.65.-d; 52.55.-s; 52.55.Fa
I. INTRODUCTION
The theory underlying plasma equilibrium in axial symmetry, in particular in toroidal con-
figurations like those ones of Tokamak devices [1], consists of the so-called Grad-Shafranov
equation (GSE) [2–4]. Such equation is nothing more than the implementation of the basic
magnetostatic equation [2] (i.e., steady magneto-hydrodynamics (MHD) in the absence of
bulk plasma velocities) to the axial symmetry, once making explicit use of the magnetic flux
function as fundamental variable [5] (see also Ref.[6] and, for a detailed review on this topic,
see Ref.[7] and refs therein).
In the practice of Tokamak experiments, such stationary configurations have actually a
finite lifetime, both for the intrinsic finiteness of the discharge duration and for the emergence
of instabilities, able to grow and then to destroy such steady profiles. Nonetheless, the
physical meaning of the GSE solutions is ensured by the different timescales of their existence
and the growth rates of the most common instabilities, i.e., the perturbations evolve so
rapidly to feel the background plasma, de facto, like constant in time [2]. The basic feature
of Tokamak devices is their toroidal topology, characterized by a nearly constant toroidal
magnetic field and a smaller poloidal component (the ratio of the latter to the former is
typically taken of the order of the torus aspect ratio ∼ 1/3 [1]). The presence of the poloidal
magnetic component, mainly due to the induced current in the plasma, implies a certain
rotation of the field lines around the torus axis, which improves the confinement properties
of charged particles in such machines.
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The role of resisitive diffusion in non stationary axisymmetric tokamak plasma has been
discussed originally in the seminal paper Ref.[8] (see also Refs.[9–16]). The theoretical
analysis outlines that two transient processes are involved: the skin effect, i.e. the same
mechanism responsible for the penetration of magnetic field lines in a solid conductor, and
the non-linear diffusion of pressure across magnetic field lines. These two processes are, in
general, non-linearly coupled and they can be disentangled by considering the two limiting
cases for the generalized Ohm’s law: no bulk velocity, resulting in ~E = σ ~J , and no electric
field, resulting in ~v ∧ ~B = σ ~J (here, and in the following, ~E and ~B denote the electric
and magnetic fields, respectively, while σ, ~J and ~v are the plasma electric conductivity,
current density and fluid velocity, respectively). Indeed, the characteristic time scales of
both processes are generically longer than those of instabilities and of wave propagation.
In this paper, we intend to provide a more rigorous mathematical treatment of the equilib-
rium of magnetized plasma in the presence of non ideal effects. We consider the case without
convection and we demonstrate how the effect of resistive diffusion due to the skin effect
can be treated analytically. This is due to a technical reason, already noted in Ref.[14]: the
diffusion equations for the magnetic poloidal flux and for the toroidal current function coin-
cide in the limit of constant resistivity and no convection (see Eqs.(6) and (7)). This allows
us to construct a consistent non-stationary equilibrium solution in which time-dependence
is only within the poloidal magnetic flux function, dubbed ψ, whose dynamics are governed
by the generalized Ohm’s law. In other words, we describe a diffusion process in which all of
the relevant plasma quantities remain instantaneously frozen on a non-stationary magnetic
field configuration. In this sense, we speak of a non-stationary GSE. It is worth noting that
our analytical setting differs from the so called Solov’ev configuration, which was originally
studied in Ref.[17] and has formed the basis of most analytical studies on tokamak plasma
equilibrium properties since then. To understand this, we recall that the explicit form of the
GSE depends on the choice of two arbitary functions, namely the thermodynamic pressure
and the toroidal current as functions of ψ. It turns out that the Solov’ev choice, while
having the merit of simplicity and versatility, is not compatible with adiabatic diffusion due
to resistivity. Here, we outline the correct assumptions to be made, in order to obtain a
consistent evolutive solution: we recover a class of equilibriums that was actually already
considered in Ref.[18], even though that work was not at all motivated by dynamical con-
siderations and was performed in an ideal, time-independent setting. We also remark that a
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linear assumption on the poloidal current with respect to ψ, as considered in Eq.(10), is of
interest for machines different than tokamaks, where the plasma region includes the central
axis of symmetry (e.g., see Ref.[19]), while Solov’ev-like profiles are not suitable in such
geometries.
After defining the lifetime of the configuration, we outline the basic eigenvalue struc-
ture of the mathematical problem and solve the relevant equation. Then, we implement
this model to a specific plasma scenario for the Italian tokamak proposal named Divertor
Tokamak Test (DTT) Facility [20, 21]. We show how our solution is able to reproduce the
essential features of the 5 MA double-null scenario described in Ref.[20] with a good degree
of accuracy. The reconstructed equilibrium is associated to a theoretical timescale of about
104 s, while the predicted duration for the discharge is about ' 50 s. However, we spot the
emergence of an effective lifetime in our model, corresponding to the loss of confinement
of the plasma configuration, which we observe on a timescale of 102 s, which is comparable
with the discharge duration. It is important to remark how the obtained radial pressure
profiles indicate that our model refers to low confinement states only and that the presence
of a pedestal, typical of the H-mode [22–24], could significantly increase the profile lifetime.
In our study, the GSE is self-consistently verified at all times along the plasma dynamics.
A completely different approach, which is usually used in tokamak numerical simulations,
corresponds to solve the GSE separately from the evolution problem, and to use this solu-
tion as initial condition for transport codes (e.g. see Ref.[25]). In this way, the dynamical
constraint on the configuration is dropped during the evolution, until eventually a new
equilibrium is recalculated according to the updated GSE. In the last part of this work, we
address the question whether this is a viable strategy in the prediction of tokamak plasma
evolution. Firstly, we consider a Solov’ev-like configuration, which we are able to solve
analytically only after excluding one equation from the model (see Eq.(9). Then, we use
this novel solution to model the same double-null scenario previously considered, and find
the two profiles to be in good accordance at all times up to deconfinement. Nevertheless,
we question the generality of this result, considering that the linearity of the system is
still preserved in this setting. Hence, we also perform a numerical study on a family of
nonlinear scenarios, which directly generalizes the compatible one. Taking the Solov’ev re-
sult as reference, we suggest that significantly larger errors could arise in nonlinear situations.
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The paper is organized as follows. In Sec.II, we describe the basic MHD equations
which characterize the dynamics of the plasma configuration. In Sec.III, the details of the
considered dynamical scenario as due to resistivity are developed, outlining the analytical
implications of this effect and the temporal decay of the profile. In Sec.IV, we solve the
resulting eigenvalue problem, and use our solution to model a DTT-like double-null plasma
scenario. The lifetime of the configuration and its profile are outlined. In Sec.V, we use the
Solov’ev-like solution to model the same plasma scenario. We also provide estimates on the
error associated to a class of nonlinear scenarios. Concluding remarks follow in Sec.VI.
II. BASIC EQUATIONS
We study a plasma confined in a magnetic field ~B and having negligible macroscopic
motion, i.e., its fluid velocity ~v identically vanishes. The plasma is also characterized by
a finite electric conductivity σ ' const. The electric field, living in the plasma, is then
provided, via the current density, according to the generalized Ohm’s law
~E =
1
σ
~J . (1)
Expressing the electric field via the scalar and vector potentials (ϕ and ~A, respectively), i.e.,
~E = −∇ϕ− ∂t ~A/c , (2)
and observing that ~B = ∇∧ ~A, while in the Coulomb gauge (i.e., ∇· ~A = 0) ~J = −(c/4pi)∆ ~A
(c is the speed of light), we can rewrite Eq.(1) as follows
∂t ~A = −c∇ϕ+ c
2
4piσ
∆ ~A . (3)
We now consider an axial symmetry, associated to a toroidal topology, by the choice of
cylindrical variables r, φ and z, having the following ranges of variation: R0−a 6 r 6 R0+a,
0 6 φ < 2pi. Here R0 denotes the major radius of a standard Tokamak configuration, while a
is the minor radius (we also have |z| . a). The axial symmetry is implemented by requiring
the independence of all the physical quantities on φ.
We fix the vector potential as follows
~A = ~Ap +
ψ
2pir
eˆφ , (4)
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where eˆφ is the toroidal versor and the poloidal (radial-axial) vector potential ~Ap is fixed via
the relations
∇ · ~Ap = 0 , ∇∧ ~Ap = Bφ ≡ 2
c
I
r
, (5)
The functions ψ = ψ(t, r, z) and I = I(t, r, z) denote the flux function and the axial current
(in the cross section pir2), respectively, and they are the considered dynamical degrees of
freedom.
Since the scalar electric potential gradient is poloidal in axial symmetry, we easily get
the dynamics of ψ from the toroidal component of Eq.(3), and the one of I by taking the
curl of the remaining poloidal components (so eliminating the gradient of φ) and taking
into account Eqs.(4) and (5). Thus, we arrive to the following two (identical) dynamical
equations:
∂tψ =
c2
4piσ
∆∗ψ , (6)
∂tI =
c2
4piσ
∆∗I , (7)
where we have defined ∆∗(...) ≡ r∂r(1/r∂r(...))+∂2z (...). Now the toroidal component of the
momentum conservation equation (p denoting the plasma pressure), i.e.,
∇p = (∇∧ ~B) ∧ ~B/4pi , (8)
reduces to the constraint ∂rψ∂zI − ∂zψ∂rI = 0, implying the basic restriction I = I(ψ).
Once we substitute this expression into Eq.(7), the compatibility with Eq.(6) leads to the
condition
d2I
dψ2
|∇ψ|2 = 0 , (9)
which is either trivially solverd by ψ = const., or by letting
d2I
dψ2
= 0 ⇒ I = A1ψ + A0 , (10)
where A1,0 are two integration constants. Near the magnetic axis, this assumption would
correspond to considering a first order expansion of I(ψ), in a similar fashion as in Ref.[17],
where analytical solutions of the GSE in the same regime are found by expanding the quan-
tities dp/dψ and IdI/dψ. In this context, however, the Solov’ev solution fails to guarantee
the compatibility of the resistive system, de facto neglecting Eq.(7). In Sec.V, we study this
uncompatible scenario in detail, providing a comparison with the formally correct solution,
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which is derived in the following Section.
The poloidal components of Eq.(8) reduce to the usual GSE,
∆∗ψ = −16pi3r2 dp
dψ
− 16pi
2
c2
I
dI
dψ
, (11)
in which we also implement choice (10), i.e.,
∆∗ψ = −16pi3r2 dp
dψ
− 16pi
2
c2
(A21ψ + A1A0) . (12)
Finally, the mass conservation equation (ρ being the plasma mass density), i.e.,
∂tρ+∇ · (ρ~v) = 0 (13)
becomes, in the present scenario, the simple relation ρ ≡ ρ0(r, z).
III. DYNAMICAL IMPLICATIONS
The discussion above clarified how ψ(t, r, z) is the only dynamical variable of the system,
which has to obey Eqs.(6) and (12). These two can be combined into a new equation:
∂tψ =
c2
4piσ
(
−16pi3r2 dp
dψ
− 16pi
2
c2
(A21ψ + A1A0)
)
, (14)
which remains coupled to Eq.(12).
In order to look for analytical solutions, having to deal with a dp/dψ term, we preserve
the linearity of the system by assuming the following form for the pressure:
p(ψ) = C2ψ
2/2 + C1ψ + C0 , (15)
where C2,1,0 are generic real constants. A careful analysis of the compatibility of the system
shows that C2 must vanish, which implies that also the pressure, like the axial current
function I, must be linear in the flux function. This kind of choice for the functions I and
p has been previously studied in Ref.[18], although in our work we show how such a choice
is naturally motivated by dynamical considerations.
It is now easy to check that the general solution to Eq.(13) takes the form
ψ(t, r, z) = ψ0(r, z)e
−γt + δ(r) , (16)
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where ψ0(r, z) is a generic function yet to be determined, while the quantities γ and δ(r)
explicitly read
γ ≡ 4piA
2
1
σ
, δ(r) ≡ −pic
2C1
A21
r2 − A0
A1
. (17)
Now, by substituting the solution (16) into Eq.(12), we get an equation for ψ0(r, z), i.e.,
∆∗ψ0 = −16pi2A21ψ0/c2 . (18)
Before studying the morphology of the plasma profile, we observe that the magnetic con-
figuration is always damped in time, by a rate γ, towards an asymptotic constant field
~B∞ = (c2C1/A21)eˆz .
The present study has the merit of defining quantitatively a lifetime for a given plasma
configuration, once resistive diffusion is consistently taken into account. In particular, we
showed how the lifetime is very sensitive to A1, the proportionality constant between I and
ψ. This approach in not intended as an alternative choice to standard transport studies on
assigned equilibria. In fact, we simply clarify the influence of the considered correction to
Ohm’s law on the adiabatic evolution of a plasma profile, which could play a significant role in
the physics of future steady-state tokamak machines. Clearly, the impact of this study on real
machine operations relies on the possibility to show that the adiabatic decay of the magnetic
configuration possesses the same qualitative properties also when non dramatic transport
processes (i.e., in absence of disruptions or phase transitions) are taken into account.
IV. MAGNETIC PROFILE
In order to investigate the profile predicted by Eq.(18), we observe that its linearity allows
to consider the following Fourier expansion:
ψ0(r, z) =
∫ ∞
0
dkχk(r)e
ikz + c.c. , (19)
where χk(r) verifies the eigenvalue problem
d2χk
dr2
− 1
r
dχk
dr
= Ekχk , Ek ≡ k2 − 16pi
2A21
c2
. (20)
The equation for χk admits an analytical solution in terms of Bessel functions. In particular,
defining x ≡ r|Ek|1/2 and setting χk ≡ rε(k, x), Eq.(20) can be rewritten as
x2
d2ε
dx2
+ x
dε
dx
− (1± x2) ε = 0 , (21)
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where the sign − corresponds to Ek < 0, i.e., to k < k∗, where k∗ = 4piA1/c, while the sign
+ to the case Ek > 0, i.e., to k > k
∗.
In correspondence to the sign ∓, the solutions of the equation above read
ε−(k, x) = ε1(k)J1(x) + ε2(k)Y1(x) , (22)
ε+(k, x) = ε3(k)I1(x) + ε4(k)K1(x) , (23)
where J1, Y1 (I1, K1) denote ordinary (modified) Bessel functions of index 1, while the
coefficients εj(k) (with j = 1, 2, 3, 4) have to be assigned via the initial condition ψ(0, r, z) =
ψ0(r, z) + δ(r). In this scheme, taking into account that the r variable is bounded and that
I1(∞) is divergent, the flux function ψ(t, r, z) admits the following representation:
ψ = −A0/A1 + Λr2+
+ e−γt
∫ k∗
k0
dk
[[
rε1(k)J1(r
√
|k2 − k∗2|)+
+ rε2(k)Y1(r
√
|k2 − k∗2|)]eikz + c.c.]+
+ e−γt
∫ ∞
k∗
dk
[
rε4(k)K1(r
√
|k2 − k∗2|)eikz + c.c.
]
. (24)
Here, Λ = −pic2C1/A21 and, to exclude wave-lengths greater than the machine diameter, we
have introduced a minimum wavenumber k0 = pi/a, i.e., k > k0. We also remark that, by
suitably choosing the constant C0 in Eq.(15) for the plasma pressure, the basic requirement
p > 0 can be easily implemented in our confined plasma region.
A. Realistic scenario
In order to investigate the morphology of the plasma configuration, we analyze the level
surfaces of ψ(r, z, t) at given times, together with the surface p = 0 (representing the plasma
boundary layer). The general solution for ψ as in Eq.(24) can be adapted to a realistic
scenario by imposing specific initial condtions. In this respect, for the sake of simplicity,
we assign to the functions εj(k) a set of sufficiently narrow Gaussians, centered around
arbitrarily given wave vectors kj,i and weighted by amplitudes ε¯j,i. Then, a given set of
points (rl, zl) lying along the boundary curve of the addressed realistic scenario generates
an associated set of algebraic equations of the form ψ(rl, zl, 0) = ψB, where ψB is the value
of the magnetic flux at the plasma boundary. Since we require p = 0 on the same surface,
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recalling Eq.(15) and that C2 = 0, we set C0 = −C1ψB. The rest of the constants have to
be determined according to the relevant plasma parameters.
As an illustrative example, let us assume the parameters characterizing a Tokamak equi-
librium specified for the DTT facility, as in Ref.[20]. In particular, the main machine pa-
rameters are major radius R0 = 2.11 m, minor radius a = 0.64 m, averaged electron density
ne = 1.8× 1020 m−3 and electron temperature Te = 6.1 keV. The resulting plasma frequency
is ωp = 7.57 × 1011 s−1 and, considering the Spitzer electric conductivity for a hydrogen
plasma (with the Coulomb logarithm of O(10)), we obtain σ = 5.34 × 108 Ω−1m−1. We
implement an initial condition matching the double-null scenario, with main plasma param-
eters as reported in Table I. In the same Table, we also report the fitted values associated to
our analytic solution, which is able to correctly reproduce most of the parameters. In this
scheme, we obtain a configuration characteristic time of γ−1 = 1.1 × 104 s. As a stability
check, the safety factor q meets the Kruskal-Shafranov condition for stability q > 1 over the
whole plasma region, with an average value of 2.6.
In Fig.1, we plot the level surfaces of the flux function ψ(t, r, z) for different instants of
time, where the initial condition at t = 0 is shown in the first panel. At later stages, the
allowed domain for the plasma configuration decreases, and the central pressure is corre-
spondingly suppressed (cf. Eq.(15)). Since the area inside the separatrix is decreasing in
time, the axial symmetry implies that the confined plasma volume is also diminishing, but
keeping a constant plasma density ρ ≡ ρ0. As a consequence, the plasma evolution has
to be associated with an adiabatic loss of particles throughout the boundary layer of the
toroidal plasma profile. The behaviour of this outgoing flux of matter must be described in
a different physical setting, having to deal with the behaviour of non confined plasma in the
scrape-off layer.
Concerning the lifetime of the configuration, it is important to stress that we observe
the opening of all magnetic lines, determining the loss of confinement, at t = 99 s. This
timescale is two orders of magnitude shorter than γ−1, and is comparable with the predicted
duration of the discharge of about ' 50 s. This behaviour can be understood if we consider
that the plasma region can also be defined as the points satisfying ψ > ψB. Indicating the
initial peak value of the magnetic flux as ψA, in correspondence to the magnetic axis, it is
clear that after an overall decrease in ψ of the order ∆ψ ≡ |ψA − ψB| the whole profile will
lie below the ψB threshold, i.e., all magnetic lines will be open. Then, it is natural to define
10
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FIG. 1. (Color online) Contour plot of the flux function (in the physical plane (r, z)) integrated
from Eq.(24) according to the proposed double-null scenario for DTT [20], for different instants as
indicated over the panels (color scheme from beige (ψ = 2.50 Vs, also red line) to purple (ψ = 8 Vs)).
The separatrix p = 0 is enlightened in red. The initial condition is imposed through 14 boundary
points, plus two conditions on the derivatives of ψ at the x-point. Wavenumbers k run from 0.52
to 1.72 in steps of 0.2.
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an effective lifetime according to the condition ψ¯0
(
1− e−γt∗) = ∆ψ (where ψ¯0 is the order
of magnitude of the function ψ0(r, z)), which provides the expression
t∗ = −γ−1 ln (1−∆ψ/ψ¯0) . (25)
In the case under study, ∆ψ ' 5.5 Vs and ψ¯0 ' 600 Vs, so that t∗ = 99 s, as observed.
TABLE I. Data relative to the double-null DTT scenario, as in Ref.[20], and the corresponding
fitted values from our solution and the Solov’ev configuration, which is introduced in Sec.V. The
subscript A refers to quantities along the magnetic axis, ψB is the magnetic flux at the plasma
boundary, βp is the ratio of the plasma pressure to the poloidal magnetic pressure, IP is the total
plasma current and li is the internal inductance.
DTT
scenario
Compatible
configuration
Solov’ev
configuration
rA (m) 2.17 2.16 2.15
ψB (Vs) 2.50 2.55 2.53
ψA (Vs) 11.48 8.02 7.94
BA (T) 6.19 6.23 6.23
βp 0.43 0.43 0.43
IP (MA) 5.00 5.00 5.00
li 0.80 0.39 0.38
As a final remark, we remind that the solution outside the boundary layer takes a different
character, being described by a vacuum problem. In such an outer region, the current density
must be set to zero, according to the pressure profile. Therefore, outside the region p = 0,
we must require that A1 = A0 = C1 = C0 ≡ 0 and also that the toroidal current Jφ vanishes.
This last condition leads to the equation
∆∗ψ(t, r, z) = 0 , (26)
which is the only surviving equation for the vacuum configuration. Clearly, the time depen-
dence of the magnetic flux function in vacuum is ensured by the matching conditions on the
boundary layer.
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V. COMPARISON WITH ALTERNATIVE APPROACHES
In order to compare our self-consistent approach to other standard methods, we now
study an alternative analytical solution in correspondence to the well known Solov’ev-like
configuration [17]. In this sense, we go back to the original GSE, Eq.(11), and assume its
right-hand side to be independent on ψ:
∆∗ψ = −16pi3C1sr2 − 16pi
2
c2
A1s , (27)
where C1s and A1s are constants (the subscript s indicates quantities relative to the Solov’ev
scenario). In our formulation, the corresponding choices for p(ψ) and I(ψ) are
ps(ψ) = C1sψ + C0s , Is(ψ) =
√
2A1sψ + A0s , (28)
so that the pressure is of the same kind as previously considered, while the axial current has
a different functional form. It is important to remark that substituting the latter expression
into Eq.(9), we get
d2Is
dψ2
|∇ψ|2 = − A
2
1s
(2A1sψ + A0s)3/2
|∇ψ|2 = 0 (29)
which admits only the trivial solutions A1s = 0 or ψ = const. However, if this equation is
excluded from the model, Eqs.(6) and (27) lead to the expression
ψs(r, z, t) = −a(r) t+ b(r) + ψ0(r, z) , (30)
with
a(r) =
4pi2c2
σ
(
C1sr
2 +
A1s
pic2
)
, (31)
b(r) = 2pi3r2
[
−C1sr2 + 2A1s
pic2
(1− 2 log r)
]
. (32)
Here, ψ0(r, z) is formally equivalent to the solution already considered in Sec.IV, since it
must satisfy Eqs.(19) and (20), with the only difference that now Ek = k
2. The most
striking feature of ψs(r, z, t) is the linear time dependence, which differs radically from
the exponential decay of the consistent solution. To test this discrepancy, we fit the new
expression to the same double-null scenario of Sec.IV A. The agreement is surprisingly very
good, as can been noted from the fitted values in Table I. Moreover, the time evolutions of
the two profiles follow the same dynamics up to the loss of confinement, which, in this case,
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takes place after 98 s. This similarity between exponential and linear decays can be explained
noting that confinement is lost on a time-scale much shorter than the characteristic time
γ−1, when the exponential in Eq.(24) is still in its linear phase.
Although this result suggests that Eq.(9) can be safely disregarded in the DTT plasma
scenario, this is far from being a general proof. In fact, the Solov’ev case has the good prop-
erty of preserving the linearity of the system, which instead is usually broken in the context
of numerical equilibrium solvers, such as EFIT [26], where nonlinear forms of dp/dψ and
IdI/dψ are assumed. In such scenarios, Eq.(11) cannot be solved through simple analytic
means, so an exact comparison lies outside the scope of the present work. We propose an
effective estimate of the incompatibility of the nonlinear case, by considering the following
generalization of Eq.(10):
In(ψ) = A1,nψ
n + A0,n , (33)
where coefficients A1,n and A0,n are determined according to the relevant plasma parameters
of Table I. Assuming |∇ψ|2 to be of the same order of magnitude in all configurations (i.e.,
, ∼ ∆ψ/a), the error committed in Eq.(9) is quantified by the second derivative of In with
respect to ψ:
d2In
dψ2
= n(n− 1)A1,nψn−2 . (34)
The same quantity, calculated for the Solov’ev configuration, is taken as reference, so we
study the function
ε(ψ, n) ≡ log10
∣∣∣∣d2Indψ2
/
d2Is
dψ2
∣∣∣∣ = ∣∣∣∣A21sn(n− 1)A1,nψn−2(2A1sψ + A0s)3/2
∣∣∣∣ , (35)
defined as a logarithm for convenience.
In Fig.2, it clearly emerges how the magnitude of ε grows quickly for n different than 0
and 1 (the only two analytically correct values). In particular, the whole region below n = 0
takes up values larger than 3, i.e., the left hand side of Eq.(9) is at least three times larger
in these cases than in the Solov’ev case. A fiducial interval can be defined around n = 1, in
which the discrepancy is less than one order of magnitude. According to this estimate, more
detailed studies should be performed on the viability of the coupling of evolutive codes with
nonlinear GSE configurations.
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FIG. 2. (Color online) Variation of ε(ψ, n) for values of ψ corresponding to the DTT double-null
plasma scenario [20], and n ∈ (−2, 5). The color scheme goes from white (ε < 0) to red (ε > 5),
while each contour is labeled by the corresponding value, with shorter dashes indicating greater
values.
VI. CONCLUDING REMARKS
We analyzed an adiabatically varying tokamak plasma equilibrium, in which the magnetic
field profile is damped by resistive effects. In such a dynamical scheme, the GSE is coupled
with an evolutionary equation for the magnetic flux function dynamics, i.e., the induction
equation.
The main result has been the determination of a lifetime for the plasma confinement, here
discussed in the particular case of an initial condition corresponding to a 5 MA double-null
scenario for the DTT tokamak proposal, as in Ref.[20]. A secondary, effective lifetime also
arises from the observation of the loss of magnetic confinement on a time scale much shorter
than expected, and comparable with the duration of the discharge. This result suggests that,
for incoming machines approaching a steady-state regime, the effect of resistivity on the
magnetic profile could significantly influence the equilibrium properties. It is worth noting
that our capability to analytically reproduce the predicted DTT scenario is affected by a
certain degree of approximation, since our solution lacks the sufficient number of parameters
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to constrain all the relevant plasma quantities. In this respect, the amount of parameters
that can be fixed is naturally related to the linear prescription I ∝ ψ, which is a remarkable
conceptual implication of including resistivity into the magnetic flux function dynamics.
We also studied two cases where this prescription is not respected, de facto disregarding
Eq.(9). In the Solov’ev configuration, which keeps the system linear, no dramatic changes
are observed on the profile, while in nonlinear cases we obtain numerical evidence of a larger
discrepancy. We conclude that before saying a definitive word on the relevance of resistive
diffusion in the equilibrium properties, a more systematic study on commonly used nonlinear
plasma codes is required.
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